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CHAPTER 1. INTRODUCTION 
Ground meat products, specifically ground beef, are very popular in the United States 
and are widely consumed. However, due to its manufacturing procedures, ground beef is 
subject to color and oxidative deterioration and consequently, is highly perishable. The 
unnecessary addition of spoilage or pathogenic microorganisms that can contaminate ground 
beef may also affect product quality. Adulterants such as Esherichia coli 0157:H7 and 
Listeria monocytogenes are two of the most common microorganisms found in ground meat 
products. Specifically, Esherichia coli 0157:H7 has accounted for at least 10 outbreaks in 
1998 that brought about many illnesses, including one death from consumption of 
contaminated ground beef (CDC 1999). 
Cold pasteurization is necessary in order to ensure a safe, wholesome product for 
consumers. Consequently, one option to improve food safety is through food irradiation. 
Scientific studies on food irradiation consistently demonstrate that this method reduces or 
eliminates spoilage microorganisms and food-borne pathogens such as Listeria 
monocytogenes, Esherichia coli 0157:H7, Staphylococcus aureus, Campylobacter jejuni, as 
well as many others while inducing minimal product changes (Thayer and Boyd 1993; 
Thayer 1995; Clavero and others 1994). However, while irradiation improves the storage life 
of meat products, some changes in color and odor have been observed (Urbain 1986; Fu and 
others 1995a; Nanke and others 1998). Research has shown that irradiation can alter 
physical characteristics such as color and lipid stability, but these changes are also dependent 
upon packaging atmosphere, product temperature, and dose level. Fortunately these subtle 
changes have little influence on palatability or eating quality when the meat is cooked. 
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Nevertheless, the color and odor of fresh meat are important quality factors that will 
influence the consumer's decision on whether or not to purchase the product. Reduction or 
elimination of these subtle changes must be achieved in order for irradiation processing to be 
successful. 
This project was developed to investigate the use of low levels of carbon monoxide in 
modified atmosphere packaging (MAP) for maintenance of color and lipid characteristics in 
irradiated ground beef. The objective of this research was threefold. First, to determine if 
irradiation-induced color and lipid changes in fresh meat are affected by packaging 
environment. Secondly, to determine if various radiation dose levels have an affect on fresh 
meat quality. Finally, to determine if the color and lipid changes induced by irradiation is 
detectable by a trained sensory panel. 
I. Thesis Organization 
This thesis is organized as a general introduction, a general literature review, one 
complete manuscript, and general conclusions. The manuscript was prepared according to 
the Journal of Food Science Style Guide and was co-authored by Dr. Joseph G. Sebranek, Dr. 
Steven M. Lonergan and Dr. Mark S. Honeyman. 
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CHAPTER 2. LITERATURE REVIEW 
I. Introduction 
Food preservation techniques have gone through a transformation over the years, 
beginning with salting/drying followed by the development of refrigeration/freezing, 
canning, chemical preservatives and eventually modified atmosphere packaging (MAP). 
Although these methods of preservation are successful, the foodstuffs are usually altered in 
one way or another from their natural state as a result of the preservation process, with no 
certainty that they are completely devoid of pathogenic bacteria. Every year in the United 
States, many people become sick due to consumption of food products that may be 
contaminated with pathogenic bacteria (Dempster 1985). Recent outbreaks of food-borne 
illnesses have increased consumers' concerns about food safety and have caused a re-
evaluation of food production processes in order to minimize contamination and keep food 
safe for consumption. 
One option to improve food safety is with ionizing radiation. In the case of 
irradiation, food-borne pathogens can be completely eliminated while incurring minimal loss 
of quality and leaving no residues (Olson 1995). Other advantages of irradiation over 
conventional methods of preservation are: product quality related to color and lipid stability 
is minimally affected; pasteurization can occur after the food has already been packaged, 
thereby eliminating contamination of foods after processing; it offers a critical control point 
for consumers (CCP) (Olson 1995). 
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II. General Irradiation 
Research on the irradiation of food dates back to Europe during the early twentieth 
century where experiments were conducted with food exposed to Roentgen x-rays followed 
by determination of the effect this procedure had on the overall quality and safety of 
perishable foods (Goresline 1982). The food irradiation program began in the United States 
in the 1950's with research being conducted on pasteurizing hamburger meat using x-rays 
(Proctor and Goldblith 1951). In 1958, Congress decreed that irradiation was to be labeled as 
a food additive by the Food Additives Amendment to the Food, Drug, and Cosmetic Act and 
delayed the commercialization of irradiation for 3 decades (Olson 1995). 
In 1963, the Food and Drug Administration (FDA) gave approval for irradiating 
wheat and wheat flour at doses between 0.2 and 0.5 kGy (Diehl 1995). In 1964, a Joint 
Expert Committee (JEC) was formed consisting of representatives from the Food and 
Agriculture Organization (FAQ), the International Atomic Energy Agency (IAEA) and the 
World Health Organization (WHO). The mission of the JEC was to investigate all matters of 
food irradiation and report back any findings that would designate irradiation as a process. In 
1965, the Office of the Surgeon General declared that foods irradiated with doses up to 56 
kGy were safe for human consumption (Olson 1995). The JEC reconvened in 1969 to 
initiate further investigations of food irradiation, but failed to recognize irradiation as a 
process. In November 1980, the JEC met once again after reviewing all of the possible data 
and concluded that "no toxicological hazard is caused by irradiating any food up to a dose of 
10 kGy or 1 megarad and hence foods treated in this way no longer need to be tested for 
toxicity" (Dempster 1985). 
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The Food and Drug Administration (FDA) approved irradiation of dried spices and 
vegetable seasonings in 1983 as well as pork in 1985 to control trichinosis (Redlinger and 
Nelson 1997). In 1990, the FDA approved the use of ionizing radiation for poultry (up to 3 
kGy) for controlling microbial pathogens. These regulations were modified by the U.S.D.A. 
to have a mandatory minimum dose of 1.5 kGy and a maximum dose of 3 kGy for poultry 
irradiation. Furthermore, the FDA approved irradiation of fresh and frozen red meats in 
December 1997, with maximum doses of 4.5 and 7.0 kGy, respectively (Olson 1998). In 
addition, any irradiated products sold at the retail level must bear a green Radura symbol, 
which looks like the head of a flower, and bear the words "Treated by irradiation" or 
"Treated with irradiation" as well as "Keep refrigerated" or "Keep Frozen" on the label. 
Foods that contain irradiated spices or seasonings are not required to have any special 
labeling (Pauli and Tarantino 1995). 
A. Consumer acceptance 
Outbreaks of food-borne illnesses involving meat products have increased consumer 
awareness of possible food contamination with pathogens such as Salmonella, Clostridium 
botulinum, and Escherichia coli 0157:H7 and Listeria monocytogenes. Of surveyed 
consumers, 43% reported they were very concerned with food safety (AMIF 1993). To 
ensure safe wholesome products, the use of low to medium doses ( <10 kGy) of ionizing 
radiation in conjunction with good manufacturing procedures have been implemented to 
increase meat safety by essentially "pasteurizing" meat, poultry and seafood. Higher doses 
(> 10 kGy) are used to sterilize spices and dried vegetables (Diehl 1995). Despite these 
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advantages, irradiation is not widely used at the commercial level because of uncertainty 
regarding consumer acceptance (Bruhn 1995a). 
Although food irradiation has been studied extensively since the 1950's, only in the 
last 10-15 years has this technology been made available to the consumer, and is still 
considered to be a relatively new procedure. Studies conducted in the 1980's indicated that 
only 23% of consumers were familiar with food irradiation (Bruhn and others 1986). With 
help from professional societies, universities and coverage by the media, this percentage 
increased to 60% in 1989 (Schutz and others 1989) and 72% in 1993 (Resurreccion and 
others 1995). Of the 72% of responders that had heard of irradiation, almost 88% of those 
did not know much about it and 30% thought that irradiated food was radioactive 
(Resurreccion and others 1995). Further, this study indicated that 45% of the consumers 
would buy irradiated food, 11 % would not buy it, and the others were undecided. 
The biggest obstacle hindering the commercialization and distribution of irradiated 
meat products is consumer unfamiliarity of the process. When asked specifically about 
irradiation, people expressed concern about safety, nutritional quality, and harm to 
employees and potential danger from living near an irradiation facility. These concerns seem 
to be derived from the association of irradiation with radioactivity and nuclear power plants 
(Bruhn 1995a). Statements of this manner clearly indicate a lack of understanding about the 
irradiation process, and need to be remedied in order for irradiated meat products to be 
successful. 
Consumer studies conducted by Bruhn and others (1986, 1989) consistently 
demonstrate that consumers are more prone to buy irradiated foods when provided with 
science-based information about food irradiation. Another study conducted at Purdue 
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University investigated the use of visual aids to expose information to consumers (Pohlman 
1993). Initially, about half of the 178 participants indicated that they would buy irradiated 
food. After viewing a brief video about food irradiation, subjects demonstrated a significant 
positive change in knowledge, and willingness to buy increased to 90% (Pohlman 1993). 
Although these results cannot be generalized to the entire population, it does indicate that 
appropriate knowledge about a particular subject can improve acceptance over ideas that may 
seem unclear. 
Recently, the U.S.D.A.'s Economic Research Service reported that more than half of 
the 10,000 adults surveyed would buy irradiated meat. However, if the price is higher than 
non-irradiated foodstuffs, only 23% said they would pay more (Lipsky and Murphy 2000). 
Generally, the price is likely to be higher for irradiated food products, but Shin and others 
1992 reported that consumers were willing to pay up to $0.81 more per meal to avoid food-
borne illness. According to Morrison (1989), this figure is about 10-fold greater than the cost 
of irradiating food. Therefore, when informed of the benefits of irradiation, consumers are 
willing to purchase irradiated foods, even at higher cost (Olson 1998). 
B. Technical aspects of irradiation 
Radiation is ubiquitous in the environment and takes on many forms. Simply stated, 
radiation is energy that travels through space or matter and can be classified as non-ionizing 
or ionizing. Microwaves, radio waves, infrared radiation and visible light are examples of 
non-ionizing radiation and contain relatively small amounts of energy. This energy is 
contained in particles that have mass and contain an electrical charge. Traveling through 
space or matter these particles encounter numerous collisions whereby their kinetic energy 
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will be transferred. These energy bundles contain photons, which are particles that have no 
mass or electrical charge (Satin 1996). Radiation that can be classified as "ionizing" is such 
that it contains high amounts of energy that has the ability to remove electrons from their 
orbital, resulting in charged, or ionized particles (CAST 1986). The manner to which this 
energy is applied to a particular material for sterilization and/or pasteurization is simple. 
Essentially, bacteria and other microorganisms are destroyed when electrons are removed 
from their genetic material, thereby rendering them unable to replicate (Olson 1995). 
The most common examples of ionizing radiation are gamma rays, x-rays, and 
electrons, which are located on the right side of the electromagnetic spectrum due to their 
short wavelengths (Satin 1996). Gamma rays are typically produced by radioactive isotopes 
such as Cesium-137 and Cobalt-60 and produce energy of about 1 MeV. In nature, electrons 
normally do not have enough energy to remove other electrons from their orbital. However, 
electrons can be accelerated using a linear accelerator to almost 99% of the speed of light, 
achieving energy levels of 10 MeV and higher, making them suitable for food irradiation 
purposes (Urbain 1986; Olson 1995). X-rays are produced from these accelerated electrons 
when they collide with certain heavy metals, such as tungsten, achieving energy of about 5 
MeV. Unfortunately, the conversion rate for accelerated electrons to x-rays is extremely low, 
around 8%, and is not very efficient (Olson 1995). 
Radiation is measured in units called a gray (Gy), which is equal to the 
absorption of 1 joule of energy/kg of food, in accordance to the International System of 
Units. The amount of radiation absorbed by a medium is termed "dose" or "dosage", and is 
dependent upon certain variables such as time and speed. Radiation dose can also be 
measured in a unit called the rad (radiation absorbed dose). For food irradiation purposes, the 
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kilogray (kGy), which is equal to 1,000 Gy, is the preferred unit of measure. Foods can 
ultimately be sterilized or pasteurized depending upon the dose of radiation energy applied. 
High doses (>lOkGy) essentially sterilize foods and produce the same effect as that of 
canning and pressure-cooking. Medium doses (1-lOkGy) provide a pasteurization effect 
whereby pathogenic bacteria are either completely destroyed or greatly reduced in numbers. 
This dosage can also inhibit sprouting of certain vegetables and can slow the ripening and 
spoilage of fruit as well. At low doses ( <lkGy), insects, larvae, and other higher forms of 
life are eliminated to delay spoilage and extend product shelf life. The conversion from rad to 
Gy (Dempster 1985) is: 
100 rads= 1 Gy 
1 krad = 1000 rads= 10 Gy 
100,000 rads = 1 kGy 
1 Mrad = 1,000,000 rads= 10 kGy 
Andrews and others ( 1998) classified irradiation doses into radappertisation, 
radicidation or radurisation. Radapperization refers to "a dose of ionizing radiation sufficient 
to reduce the number and/or activity of viable microorganisms to such a level that very few, 
if any, are detectable by any recognized bacteriological or mycological testing method 
applied to treated food". Doses of this magnitude essentially provide a "sterilized" 
environment and are usually~ 10 kGy. Radicidation is "the irradiation treatment required 
to reduce the number of viable specific non-spore forming pathogenic bacteria to such a 
level that none is detectable in the treated food when it is examined by any recognized 
bacteriological testing method". Radicidation provides a "pasteurizing" effect on foodstuffs, 
10 
reducing the number of microorganism to an undetectable level, and has a dose level ranging 
from 1 - 10 kGy. Radurization refers to "the treatment of food with a dose of ionizing 
radiation sufficient to enhance its keeping quality by causing a substantial reduction in the 
number of viable specific spoilage microorganisms" (Andrews and others 1998). 
Radurization doses are typically s 1 kGy, and are used to delay senescence and extend shelf 
life of the product. 
C. Types of radiation 
Presently, there are three types of radiation sources that are approved for food 
irradiation: gamma rays, accelerated electrons or x-rays. Each source of radiation has their 
own facilities to implement the irradiation process, and are unique in regards to certain 
characteristics, but these facilities also share many common characteristics as well. All 
facilities will encompass some sort of irradiation source, a safety system that includes a 
biological shield and air evacuation system, as well as numerous safety and control systems. 
D. Gamma rays 
As previously mentioned, gamma rays are produced using natural decay of 
radioactive isotopes Cesium-137 and Cobalt-60. Of these two sources, Cobalt-60 is more 
readily available and because of its molecular composition, presents minimal risk to the 
environment (Diehl 1995). Gamma rays (made up of photons) are emitted in all directions 
and travel at the speed of light. Photons have the potential to achieve deep penetration 
because they have no mass but include an electrical charge. As photons move through a 
medium, there is a diminished absorption dose with absorption being the highest at the 
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surface of the medium and decreasing exponentially as the photons penetrate the product 
(Olson 1995). The penetration depth is measured by the amount of photons that pass through 
the medium without a loss of energy, and is referred to as half-thickness value. There is 
approximately 50% absorption of irradiation at equal increments of thickness as photons 
move through a product (Olson 1995). For example, if a meat system has a half-thickness 
depth of 5.0 cm, at 5.0 cm from the surface 50% of the photons have not lost their energy. 
This is an inverse relationship in the fact that a larger half-thickness value will result in a 
lower percentage of photons that have not lost their energy. 
E. Accelerated electrons 
Another source of radiation currently employed for food irradiation is the use of 
accelerated electrons, or corpuscular radiation. In nature, electrons usually do not possess 
enough energy to remove other electrons from their respective orbital. Therefore, electrons 
must be accelerated to energy levels of at least 3Me V (million-electron volts) and a 
maximum of lOMeV in order to be utilized for food pasteurization (Diehl 1995). A direct 
correlation exists between the energy level and penetration with higher energy levels 
resulting in deeper penetration potentials. In contrast to gamma radiation, electrons are 
generated using electricity and are accelerated under a vacuum traveling from a negative end 
to a positive one (Olson 1995). Since electrons possess a small amount of mass, penetration 
is limited into a product. Therefore, these accelerated electrons must be directed at the 
product to be useful for food irradiation, making this source more efficient than gamma 
facilities, which emit photons in all directions. Although electron beam facilities possess 
many advantages over gamma facilities, there are several aspects that are unique to linear 
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accelerators. During the irradiation process, a tremendous amount of heat is generated that 
must be removed to maintain stability of the accelerator. This is due by incorporating a 
circulating water system that maintains the temperature to a specific range, and must control 
variations less than 0.5 °C (Diehl 1995). Large fluctuations in temperature can create 
insufficient beam stability, slowing down the process. There is also a plethora of backup 
systems that most all work correctly to prevent damage to the accelerator. 
F. X-rays 
As previously mentioned, penetration of a medium is limited using accelerated 
electrons due to their exponential loss of energy as they travel deeper in a product. To rectify 
this problem, x-rays can be produced using accelerated electrons made to collide with metal 
plates, specifically tungsten (Olson 1995). The x-rays produced from accelerated electrons 
have penetration capabilities similar to that of photons found in gamma rays. However, a 
considerable amount of heat is produced due to the collision of accelerated electrons with the 
metal target, which produces a conversion rate of about 8% (Olson 1995). 
G. Chemical effects of ionizing radiation 
Although irradiation has been shown to be an effective method for ensuring the safety 
of meat products (Stevenson 1992), this process can also bring about many undesirable 
changes in organoleptic properties as well (Urbain 1986). When radiation is applied to a 
medium, there is a transfer of energy that can induce primary and secondary effects. A 
primary effect occurs when highly energetic photons or electrons collide with a molecule 
resulting in the ejection of other electrons and producing a free radical (Diehl 1995). These 
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unstable molecules usually contain high amounts of energy and have the propensity to 
initiate further chemical reactions with other molecules such as water, and are termed 
secondary effects (Urbain 1986). Limiting these reactions will greatly enhance the 
organoleptic properties of fresh meat. One large component of meat that undergoes ionization 
during irradiation is water. When ionizing radiation comes in contact with a water molecule, 
a plethora of highly reactive species are produced. The overall reaction is: 
This reaction is not readily apparent in meat products that are either frozen or dehydrated due 
to low water availability. The products of this reaction are called reactive oxygen species 
(ROS) because they are reduced derivatives of oxygen. The hydroxyl radical (HO•) is the 
most prevalent free radical produced from this reaction and has oxidation capabilities more 
potent than other free radicals encountered in biological systems (Kehrer 1994 ). Production 
of free radicals can initiate secondary chemical reactions resulting in off-odor and flavor 
development, increased drip losses and discoloration, all of which reduce overall product 
quality (Gray and others 1996). 
RH +HO• 
The fatty acyl radical can then combine with oxygen to form a peroxy radical (ROO•) . 
.. 
The peroxy radical (ROO•) can further propagate lipid oxidation by oxidizing other fatty 
acids (RH): 
ROO•+RH ROOH +R• 
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Controlling the amount of light, temperature, dose and oxygen levels can greatly reduce the 
amount of lipid oxidation that occurs. The presence or absence of oxygen in which free 
radicals can combine with oxygen to form reactive radicals can further propagate these 
secondary effects. The presence of peroxy radicals (ROO•) accounts for the undesirable 
odors found in fresh meat. 
III. Factors Affecting Microbial Growth in Meat 
A. Nutritional requirements 
Certain nutritional and environmental factors must be maintained in order for 
microorganisms to survive and grow. Nutritional factors needed for growth include: 
carbohydrates, proteins, vitamins/minerals and water. Upon onset of post-mortem rigor, 
protein or fat concentrations do not change and ultimately are not utilized by microbial 
organisms (Gill and Newton 1980). Residual glycogen concentrations (carbohydrates) found 
in post-mortem muscle tissue provides the energy source needed for microbial growth. 
Glycolysis converts glycogen to lactic acid, resulting in an overall drop in pH, and ceases 
when adenosine monophosphate (AMP) becomes deaminated (Gill 1986). The amount of 
residual glucose as well as glycolytic substrates determines the type of organism found in the 
microbial population. Although glucose is the preferred compound of aerobic spoilage 
organisms (Gill and Newton 1978), it is not the only substrate utilized because proteins can 
also be utilized to further propagate microbial growth. 
Proteins provide a nitrogen source that is used to synthesize enzymes, genetic 
material, and other proteins needed for maintaining and rebuilding existing cells. Water is 
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used to dispel waste that accumulates within the cell and for the uptake of various nutrients. 
Vitamins and minerals are used in low concentrations and serve as enzymes for metabolic 
reactions (Olson 1995). These four main components of muscle tissue play an important role 
in determining whether or not spoilage of meat will occur. 
B. Water availability 
The availability of water also determines the propensity for growth of certain 
microorganisms. Water is utilized by the organism to bring in nutrients in addition to 
dispelling waste that accumulates within the cell. Typically, the water used for these 
reactions can be classified as "free form" because the water is not chemically bound to 
another molecule, thereby making it available for the microorganism. The availability of this 
water can be expressed in terms of water activity (aw), with pure water having a water 
activity of 1 (the maximum amount when found in foods). Water activity (aw) can be defined 
as the vapor pressure of the solution in question divided by the vapor pressure of the pure 
solvent, (aw = p/p0 , where p equals the vapor pressure of the solution and p0 equals the vapor 
pressure of pure water), Hedrick (1989). 
Various organisms have different aw requirements, with simpler forms of life (yeast, 
mold) having aw requirements as low as 0.70 (Olson 1995). More complex organisms such 
as spoilage or pathogenic bacteria usually require aw of at least 0.90, but there are exceptions. 
Staphylococcus aureaus, a bacterium sometimes found in cured meat products, has 
demonstrated growth capabilities in meat products with aw of 0.87. The amount of water 
within a product also determines the D10-value as a result of irradiation for a particular 
microorganism. The D10-value is the irradiation dose that will reduce l log cycle or 90% of 
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the original population. Products that contain relatively large amounts of water will usually 
have low D10-values because of the free radicals created in the ionization process (CAST 
1986). However, in dehydrated food, radiation resistance can increase two or three-fold due 
to the limited amount of free radicals produced as well as their inability to move (Diehl 
1995). 
C. Species 
Generally, simpler forms of life such as viruses, yeast and mold are more resistant to 
radiation treatment than more complex organisms such as bacteria or human beings, resulting 
in larger D10-values (Diehl 1995). There is also a great variation within genera of bacteria, 
with some demonstrating more resistance than others. This can be observed in the Table 1 
below. A direct correlation exists between the irradiation dose applied and survival rate of 
bacteria. If a particular dose reduces the number of microorganisms by 50%, then twice that 
dose will generally eliminate 100% of bacterial populations, but there are likely to be 
exceptions. 
Table 1 - D10-values for various foodbome pathogens 
Susceptibility of various foodbome pathogens to irradiation in fresh meat 
((From Radomyski and others (1994)) 
Organism 
Campylobacter 











The most common spoilage bacteria found on meat products are aerobic, gram-
negative strains of Acinetobacter, Aeromonas, Moraxella, and Pseudomonas (Gill and 
Newton 1978). Bronchothrix thermosphacta and Lactobacillus (gram-positive organisms) 
are also highly prevalent in fresh meat as well (Dainty and others 1983). Pathogenic strains 
of bacteria such as Clostridium botulinum, Clostridium pe,fringens, Campylobacter, 
Salmonella, Staphylococcus aureus, Listeria monocytogenes, Escherichia coli 0157:H7 and 
Y ersinia enterocolitica have also been found in fresh and processed meat products (Kotula 
and others 1987; Buchanan and Palumbo 1985). Palumbo ( 1986) noted that although these 
bacteria will remain dormant at refrigerated temperatures, growth which may cause concern 
for consumers would occur if meat were subjected to rapid and frequent temperature change. 
The principle is that bacterial growth is delayed when products are stored at lower 
temperatures. 
D. Temperature 
Gill and others ( 1986) noted that the ideal storage temperature for packaged meat is -
1.5° C +/- 0.5° C whereby product quality can be extended for longer periods of time. 
Fluctuations of this optimum temperature zone can result in loss of product quality, 
regardless of packaging environment. A study conducted by Gill and others ( 1986) showed 
that storage temperatures of 0, 2, or 5° C resulted in a storage life about 70, 50 and 30% of 
the storage life obtained at the optimum temperature zone. 
Another study was conducted where visual appraisal of slime was noted on beef 
stored at various temperatures (0° C, 5° C andl 0° C) and which had an initial bacterial load of 
104 organism cm2• The results showed that it took 16d to develop a slimy appearance at 0° C, 
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5 days at 5° C, and only 2 days when stored at 10° C (Ayres 1960). Although other variables 
such as species, pH, and packaging environment may influence the degree of spoilage, it is 
readily apparent that temperature has a highly significant affect on bacterial growth. 
The survival rate of microorganisms following irradiation is dependent upon the 
temperature of the product during irradiation. Research has demonstrated that an inverse 
relationship exists between temperature and D10-value, with lower temperatures resulting in 
higher D10-values. This phenomenon can be attributed to the lack of free radicals produced 
at reduced temperature due to the interaction of ionizing energy with water molecules 
(Murano 1995a). Temperatures below freezing will result in low water availability, thereby 
inhibiting free radical formation. 
A study was conducted where raw ground beef patties were inoculated separately 
with Escherichia coli 0157:H7, Salmonellae and Campylobacter jejuni and exposed to 
various doses of gamma irradiation. The patties were irradiated at various temperatures 
(frozen [-17 to -15° C]) and refrigerated [3 to 5° C] and the inactivation of each organism by 
irradiation was investigated. In every instance, regardless of what type of pathogen was 
used, there was an increase in D10-value for patties irradiated at a frozen state when 
compared to refrigerated storage (Rocelle and others 1994). Table 2 evidences this. Thayer 
and Boyd (1993) conducted a study in which finely ground beef was inoculated with E.coli 
0157:H7 and treated with ionizing radiation. The D10-values were 0.44 kGy at -5° C, versus 
0.28 kGy at +5° C, exhibiting a 57% increase in resistance at lower temperature. The results 
demonstrate the principle that lower product temperatures will require higher D10-values. 
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Table 2. Effects of temperature on D10-values for common foodbome pathogens 
D10-values (kGy) 
Campylobacter jejuni 











The type of environment meat is packaged in will also affect microbial spoilage. 
Typically, meat sold at the retail level will be packaged in one of three ways: an oxygen 
permeable over-wrap, an oxygen impermeable vacuum package, or a modified atmosphere 
package. A large portion of retail meat products are packaged under aerobic conditions, 
providing the consumer with products that look attractive due to the bright red color 
produced by oxymyoglobin (Jeremiah and Greer 1982). However, this environment is 
suitable for aerobic microorganisms such as Achromobacter and Pseudomonas, the most 
common spoilage organisms found in fresh meat (Kirsh and others 1952; Halleck and others 
1958). Ayres (1960) noted that Pseudomonas was the predominant spoilage bacteria found 
on sliced beef packaged in oxygen-permeable over-wrap. 
Roth and Clark (1972) did a similar study on sliced beef packaged in gas-permeable 
film and stored at 5° C. Their results showed that fluorescent pseudomonads and B. 
thermosphacta accounted for nearly 60% of the total aerobic plate count, with 
Acinetobacter/Moraxella accounting for the rest of spoilage organisms being found. To 
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inhibit growth of these microorganisms, the oxygen concentration must be depleted which 
can be accomplished using vacuum or modified atmosphere packaging. 
Vacuum packaging of fresh meat is utilized to modify the internal packaging system 
and essentially create an anaerobic environment. Vacuum packaging involves placing a 
product into a plastic bag of low oxygen permeability ( <5ccm-2 daf1 atm-1) removing the air 
and having the package sealed. This should leave the product exposed to < 1 % 0 2 and 10-
20% CO2 which is produced from tissue and microbial respiration (Nottingham 1982). This 
method of packaging has many advantages including extended shelf life, enhanced juiciness 
and flavor of the meat, and capability for longer periods of storage at refrigerated or frozen 
temperatures. 
The predominant microbial genera found in anaerobic environments that induce meat 
spoilage include the species Bronchothrix thennosphacta, Camobacterium, Clostridium 
laramie, Lactobacillus and Leuconostoc (Broch and Molins 1988; Farber 1991). This group 
of gram-positive, psychrotropic facultative anaerobes are commonly referred to as lactic-acid 
producing bacteria (LAB) due to the bitter odor and flavor produced as a result of spoilage 
(Seideman and others 1980). Lactobacillus typically has a faster growth rate than other 
anaerobic species due to the production of anti-microbial compounds that reduce the growth 
of other organisms (Ahn and Stiles 1990). Thus, there seems to be a synergistic effect 
between the carbon dioxide, low oxygen tension and the production of anti-microbial agents 
of lactobacilli that extends shelf life or vacuum packaged meat (Lambert and others 1991). 
However, vacuum packaging does have some disadvantages such as potential surface 
discoloration due to the formation of metmyoglobin as a result of residual 0 2 in the package 
(Renerre 1990), purge, and the development of acerbic odors due to the change in bacterial 
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composition as a result of the anaerobic environment. Changes in oxygen and carbon 
dioxide concentrations will have an effect on the microbial population that develops, and 
ultimately the extent of spoilage that will occur. 
An alternative to aerobic or vacuum packaging that is gaining popularity is the use of 
modified atmosphere packaging (MAP). MAP is defined as "the packaging of a perishable 
product in an atmosphere which has been modified so that its composition is other than that 
of air" (Hintlian and others 1986). This technology is not to be confused with controlled 
atmosphere storage (CAS) that employs continuous control of the atmosphere and is typically 
used for preservation of fruit and vegetables. The advantages of using MAP for meat are 
twofold: to delay microbial growth while maintaining an attractive red color of the product 
(Clark and Lentz 1973; Young and others 1988). MAP may incorporate various mixtures of 
carbon dioxide, oxygen, and nitrogen with the addition of other gases such as argon, ozone, 
carbon monoxide and nitrous oxide, all of which can play an important role in meat 
preservation (Church 1994). 
It is well documented that carbon dioxide atmospheres act as a bacteriostatic agent for 
meat (Wolfe 1980). Specifically, gram-negative spoilage microorganisms are inhibited by 
concentrations of carbon dioxide greater than 10%, while lactic acid bacteria are less affected 
(Enfors and others 1979; Silliker and Wolfe 1980). The mechanism by which carbon dioxide 
inhibits growth is not well understood, but research has speculated that carbon dioxide 
increases the lag phase while reducing product respiration. Other theories suggest that 
carbon dioxide change the intracellular pH thereby altering enzyme activities (Wolfe 1980) 
or that the diffusion of carbon dioxide into the cell membrane disrupts membrane functions 
(Sears and Eisenberg 1961). Although carbon dioxide seems to be an effective agent for 
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controlling aerobic bacteria, anaerobic organisms such as Listeria monocytogenes, 
Campylobacter, Salmonellas species and Staphylococcus aureus seem to be unaffected by 
the presence of carbon dioxide (Silliker and Wolfe 1980). 
Oxygen is utilized in gas packaging to maintain the red color of meat by oxygenating 
myoglobin, forming oxymyoglogin, the bright red color of meat (Bartkowski and others 
1982). However, while oxygen will keep the meat surface pigments oxygenated, elevated 
concentrations provide an environment suitable for aerobic organisms such as B. 
thermosphacta and Pseudomonas species (Silliker and others 1977), which can reduce shelf 
life. Nitrogen is incorporated into the gas mixture to act as inert filler and prevent the 
package from collapsing when the product may absorb carbon dioxide. Nitrogen does not 
have an effect on product color nor does it prevent or delay microbial spoilage (Huffman 
1974). 
While carbon dioxide is known to be an effective bacteriostatic agent for fresh meat, 
elevated levels appear to discolor the meat surface by oxidizing ox ymyoglobin (Mb02) to 
metmyoglobin (MetMb ). Concentrations over 20% initiate the development of severe 
surface browning in beef samples as a result of metmyoglobin formation (Seidman and 
others 1980). To mitigate this discoloration, different gas mixtures have been incorporated 
into the MAP to provide an attractive red color of the product. 
One gas that has produced favorable results in maintaining color is carbon 
monoxide. Carbon monoxide is a colorless, odorless and tasteless gas and is produced 
through the incomplete combustion of carbon containing materials. Carbon monoxide is 
often favored over oxygen for maintaining the fresh color of meat because carbon monoxide 
exhibits a stronger chemical bond to the iron-porphyrin site on the myoglobin molecule, and 
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is more resistant to oxidation than oxymyoglobin (Wolfe 1980). The main function of low 
levels of CO in MA's is to react with myoglobin to form carboxymyoglobin, imparting a 
bright cherry-red color to beef (El-Badawi and others 1964; Lentz 1979). In addition, data 
has shown that the amount of metmyoglobin decreased on beef samples with CO 
concentrations of 1-5% (Lanier and others 1978). Figure I listed below illustrates the 
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Another study demonstrated the effects of CO on color in ground beef. Patties were 
packaged in two environments; a triple gas mixture containing 1 % CO/ 50% CO2/ 49% air or 
100% air and were analyzed for color stability. Results showed that patties stored in the CO-
containing atmosphere retained a stable, bright red color for at least 6d, as opposed to patties 
stored in 100% air, which maintained a stable color for only 3d (Gee and Brown 1978). 
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Typically, CO is used at concentrations ranging from 0.5-10%. Beef samples stored 
in an atmosphere with> 0.5% CO maintained a bright, cherry-red color for> 30d (Clark and 
others 1976). The color of vacuum-packaged fresh beef treated with 10% CO, 90% N2 
maintained an attractive red color for up to 4 weeks; samples treated with 100% CO retained 
a fresh meat color for 8 weeks of storage in vacuum packaging, as demonstrated by Rozbeh 
and others (1993). Based on the cited literature, it seems that the incorporation of low levels 
of CO (<10%) in MA's is sufficient in producing a stable, bright cherry red color. 
It is well documented that carbon dioxide inhibits the growth of a wide range of 
microorganisms and is often incorporated into MA technology to extend the shelf life of 
chilled meats (Wolfe 1980). CO is sometimes added to the MA to negate the discoloration 
carbon dioxide may impart on the surface pigments of meat. However, little work has been 
done on CO as an effective bacteriostatic agent. Studies conducted thus far have produced 
conflicting results. Clark and others (1976) prepackaged fresh beef at 0-10° C in an 
atmosphere containing various concentrations of carbon monoxide (0.5-10%) in nitrogen. 
Results showed that the growth of psychrotropic bacteria was lower in CO samples, relative 
to controls, in all temperatures tested, which resulted in an increase in odor shelf life as well. 
As the concentration of CO increased, the odor shelf life also increased which suggested that 
CO directly inhibited the growth of psychrotropic bacteria. For example, beef packaged in 
an MA of 10%C0/90%N2 had an odor shelf life of 30d, compared with 15d in air at 0° C. 
Sorheim and others (1999) conducted a study to determine shelf life where ground 
beef, beef loin steaks and pork chops were packaged in modified atmospheres of 
0.4%C0/60%C02'40%N2 or an atmosphere containing 70%02/30%C02 and stored in the 
dark at 4° C or 8° C for up to 21d. Results demonstrated that meat packaged in the CO-
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environments and stored at 4° Chad a stable, cherry-red color as well as storage lives of l ld, 
14d and 21d for ground beef, beef loin steaks and pork chops, respectively, as indicated by 
the development of off-odors. In addition, meat packaged in the 70%0i/30%C02 
atmosphere produced an initially bright red color but was very unstable and the development 
of off-odors occurred quickly. 
Brewer and others (1994) investigated the use of CO as a bacteriostatic agent on 
beefsteak. Steaks were treated with 100% CO for 30 minutes, vacuum packaged, and held in 
refrigerated storage. Data indicated that all CO-treated steaks were 1-2 log cycles lower for 
total aerobic plate, lactic acid bacteria and psychrotropic counts compared with untreated 
controls after 8 weeks of storage at 4° C. A similar study was conducted by Gee and Brown 
(1980) who investigated the use of high levels of CO (up to 30%) for the control of pure 
strains of bacteria such as Pseudomonas, Escherichia coli and Achromobacter species. 
Initial results indicated that pure cultures of Pseudomonas aeruginosa ATCC 10145 were not 
affected by various concentrations of CO (5-30% ). The growth rate of Escherichia coli 
ATCC 11775 was proportional to the level of CO used. As the concentration of CO 
increased, the growth rate decreased. CO also inhibited the growth rate of Pseudomonas 
jlourescens ATCC 13525 as well as increasing the lag phase of Achromobacter 19-M (Gee 
and Brown 1980). However, in another experiment fresh beef steak and ground beef were 
exposed to various atmospheres containing 1 % CO. The data indicated that the addition of 
1 % CO had no effect on microbial growth (Luno and others 1996). 
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IV. Fresh Meat Irradiation 
A. Irradiation and microbial content 
Research has demonstrated that ionizing radiation can eliminate or greatly reduce the 
populations of spoilage bacteria and microbial pathogens while preserving the sensory 
qualities of meat and extending shelf life (Thayer 1993; Olson 1995). These objectives 
impose different requirements depending upon many factors such as the type and number of 
microorganisms and expected shelf life, the dose levels being used, as well as the nature of 
the food being preserved. However, ionizing radiation in conjunction with different 
packaging systems and product temperatures can have a synergistic effect on eliminating the 
presence of any undesirable microorganisms. 
Wolin and others (1957) noted that gram-negative spoilage bacteria were inactivated 
when beef was irradiated at doses of 0.5 - 1 kGy, which resulted in a four week extension of 
the shelf life at O - 2° C. Similar results were found by Lea and others (1960) in which the 
storage life was increased from 7 days to 20-29 days when various beef cuts were irradiated 
up to 1 kGy and stored at 0° C. More recently, Rodriguez and others (1993) demonstrated 
that 2.0-kGy gamma radiation of fresh beef round provided 17 more days of shelf life 
compared to non-irradiated controls based on psychrotropic counts. 
In regards to food-borne pathogens, the radiation doses required to inactivate 90% 
(D10-value) of the bacterial population have been determined. Tarkowski and others (1984) 
reported that D-values for Campylobacter jejuni, salmonella species, and Yersinia 
enterocolitica were 0.16, 0.78, and 0.21 kGy, respectively, for the most resistant strains. 
Thayer and Boyd (1993) reported the D-value of Escherichia coli 0157:H7 to be 0.27 kGy at 
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5° C in ground beef. Listeria monocytogenes has a D-value of 0.77 kGy at 2-4° Con 
chicken, as reported by Huhtanen and others (1989). 
Different packaging atmospheres in conjunction with irradiation treatments appear to 
change the bacterial population found on fresh meat but also may improve overall 
organoleptic properties. Undesirable changes can be reduced if oxygen is eliminated from 
the package prior to irradiation. Niemand and others ( 1981) noted a considerable change in 
the bacterial population when various beef cuts were exposed to doses of 2.0-kGy gamma 
irradiation at 25° C. After irradiation, the predominant bacteria present were lactic acid 
bacteria with severe reduction of the pseudomonad and enterococci species. These results 
agreed with Niemand and others (1983) in which vacuum-packaged minced beef was 
exposed to 2.5 kGy that resulted in complete elimination of pseudomonads, species of the 
Enterobacteriaceae, and Brochotrix thermosphacta, and they could not be detected during 
the subsequent storage period at 4° C. 
Thayer and Boyd (1993) investigated the use of gamma irradiation for the elimination 
of Escherichia coli 0157:H7 in ground beef and mechanically deboned chicken meat using 
various doses (0 to 2 kGy), temperature (-20 to +20° C), and atmosphere (air or vacuum). 
Results indicated that no measurable verotoxin was found in finely ground beef that had been 
inoculated with 104·8 CFU of E.coli O 157 :H7, regardless of packaging atmosphere. The 
temperature of irradiation however, significantly affected the survival of E.coli 0157:H7. 
Radiation resistance was much greater below freezing due to a larger D10-value. 
Very few studies have been conducted investigating the combined effects of modified 
atmosphere packaging (MAP) with irradiation treatments, but this combination has the 
potential of increasing shelf life, maintaining color and lipid stability, as well as improving 
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microbiological safety (Thayer 1993). Lambert and others (1991) conducted a study where 
fresh pork was packaged in modified atmospheres containing various amounts of nitrogen 
(10% 0 2/90% N2 or 100% N2) and exposed to various doses of irradiation (0 to 1 kGy). 
Results indicated that fresh pork irradiated at 1 kGy had a high number of microorganisms 
after 10 days at 25° C regardless of packaging atmosphere. Further, it was reported that pork 
packaged in 100% N2, irradiated at 1 kGy and stored at 5° Chad a longer shelf life (15 days) 
than pork packaged in 10% 0 2/90% N2, irradiated with 0.5 kGy, and stored at 15° C. 
Grant and Patterson (1991) assessed the safety of minced pork packaged in 25% 
C02/75% N2, inoculated with various microorganisms, and irradiated with 1.75 kGy at 
temperatures of 10 or 15° C. Results indicated that MAP increased the D-values of Listeria 
monocytogenes, Salmonella typhimurium NCTC 74 and Yersinia enterocolitica NCIMB 
10460 but decreased that of Clostridium perfringens. Samples inoculated with 103 cells/g 
and exposed to irradiation had reduced numbers of S. typhimurium, E.coli 0157:H7, Listeria 
monocytogenes, and Yersinia enterocolitica, and when stored at lactic acid bacteria outgrew 
15° C. 
B. Color of irradiated meat 
The color of fresh meat is the single most important factor by which 
consumers most readily judge meat quality (Faustman and others 1990). Fresh meat that 
becomes discolored will typically be rejected by consumers and is often ground and 
marketed in a reduced-value form. Liu and others (1995) reported annual losses of $700 
million as a result of discolored fresh beef products. Thus, there is increasing incentive from 
the beef industry to maintain fresh meat color. 
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What human beings perceive as color is the result of an amalgamation of several 
factors. Any specific color has three attributes, collectively known as hue, chroma and value 
(Hedrick 1989). Hue is the dominant wavelength and can be described as what one normally 
associates as a color (red, yellow, blue). Chroma or purity, describes the color intensity with 
respect to the amount of white light that is mixed with it. The value of a color describes the 
overall brightness and is an indicator of the total amount of light reflected. 
Fresh meat color is primarily determined by the chemical state of various pigments, 
namely hemoglobin, myoglobin, and cytochromes. Hemoglobin is the pigment found in 
blood and myoglobin is the pigment found in muscle tissue. Myoglobin quantity varies with 
function and location of the muscle, but typically constitutes 50% to 80% of the color in 
fresh meat (Fox 1987). Cytochromes are found at low concentrations in skeletal muscle and 
are not considered to be of primary importance to meat color (Ledward 1984 ). 
The two major pigments, hemoglobin and myoglobin, are similar in structure except 
myoglobin is nearly 75% smaller than hemoglobin. Myoglobin contains two compounds; a 
globular protein portion (globin) and a heme group. Within the heme structure there is a 
protoporphyrin ring that binds an atom of iron. Protoporphyrin is a cyclic compound formed 
from the joining of four pyrolle rings by methylene bridges (Kalyanasundaram 1992). The 
oxidation state of iron within the heme ring determines the color expressed of fresh meat. 
The iron found in myoglobin generally exists in a ferrous ( +2) or ferric ( +3) state. The 
ferrous forms of myoglobin include deoxymyoglobin (purplish-red) and oxymyoglobin 
(bright cherry-red). When meat is exposed to air, oxygen binds to the iron protoporphyrin 
ring and forms oxymyoglobin, the bright red pigment in beef (Millar and others 1994). 
30 
Ferric myoglobin ( + 3) has less ability to donate electrons and is the oxidized form of 
myoglobin, called metmyoglobin, which gives the meat a brown appearance. 
The use of irradiation to extend shelf life and increase overall food safety is well 
noted (Urbain 1984; Dempster 1985). However, sensory quality of meat has been another 
aspect of concern to many researchers and food production companies. Undesirable change 
in meat quality may occur as a result of free radicals produced in the reaction of ionizing 
radiation with water (Proctor and Goldblith 1951). Thus, it is important to consider the 
application of radiation on meat and its affect on sensory quality. 
Research on color changes in meat imparted by radiation has produced ambivalent 
ideas about irradiation, but changes that do occur are a result of myoglobin 
oxidation/reduction reactions. Several factors including packaging environment, product 
temperature, dose rate and product consistency (whole or ground) influence the amount of 
color change that will occur. Richards and Morrison (1971) investigated the use of different 
packaging systems for radiation and its affect on beef color. Beef was packaged in oxygen-
permeable and oxygen- impermeable films and radiated at a dose of 1 kGy. Data indicated 
that beef packaged in the film with high oxygen permeability had significantly lower redness 
values than un-irradiated controls. In addition, higher dose levels produced greater 
differences in redness values between irradiated samples and un-irradiated controls. 
However, samples irradiated at 15 kGy and having a high oxygen tension, increased in 
redness after a period of storage. 
Ground beef patties packaged under vacuum and exposed to low levels of gamma 
radiation (1.03 kGy and 1.54 kGy) were judged brighter (redder) on the surface than the 
frozen control (Dempster 1985). Also, it appears that surface color was more influenced by 
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radiation treatment than the interior, as evidenced by no change in internal color. However, 
research conducted by Nanke and others (1998) demonstrated a decrease in a* values for 
beef loins packaged under vacuum and irradiated at various doses up to 10 kGy. Visual 
evaluation also indicated a decrease in redness as dose levels increased, due to the 
development of metmyoglobin as a result of irradiation (Nanke and others 1998). Kim and 
others ( 1956) hermetically sealed various cuts of beef in cans, providing an environment 
similar to vacuum packaging, and irradiated the cans to give an internal dose of either 1.45 
million rep or 2 million rep at the center of the can. After irradiation the samples were stored 
at 7° C. The samples were then evaluated on the first and second day following irradiation 
by a six-member panel. Initial results indicated that red pigments of all canned raw meats 
showed irradiation damage but improved to a desirable color over time. 
Relatively little research has been done on the effects of MAP and low-dose 
irradiation in beef. A study conducted by Lee and others (1996b) evaluated the combined 
effects of irradiation and modified atmosphere packaging (25% CO2, 75% N2) on pre-rigor 
beef steaks. Steaks from pre-rigor beef longissimus were placed in MAP, irradiated with 2 
kGy, and stored at 15° C or 30° C. The surface color of steak samples was measured 1 hr 
after opening packages on d 1, 2, 3, 7, and 14 using a Hunter Model Labscan. Results 
indicated that there were no color differences between un-irradiated controls and steaks 
packaged in MAP and irradiated at 2 kGy. 
Fu and others (1995a) investigated the combined effects of low and medium doses of 
irradiation with different packaging systems on beef steaks and ground beef and monitored 
the quality changes (color, oxidation, pH, and odor) which occurred. Beef steaks and ground 
beef were packaged in air or under vacuum and irradiated at low (0.60 to 0.80kGy) or 
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medium (1.5 to 2.0kGy) doses. Color was evaluated using a HunterLab Labscan 
spectrophotometer as well as a ten-member sensory panel. Data indicated that no significant 
(P > 0.05) color differences for steaks were observed by the Hunter method. Also, sensory 
evaluation showed no color difference (P > 0.05) between control and irradiated samples, 
regardless of radiation dose or packaging environment. For ground beef, small differences (P 
< 0.05) were noted on L, a, b values, but no differences in sensory color were detected by 
panelists. 
Lefebvre and others ( 1994) conducted a study where lean ground beef (maximum 
17% fat) was packaged in polyethylene bags and exposed to three doses of gamma radiation 
(1.0, 2.5, and 5.0 kGy). Samples were stored for up to 22 days after treatment. A group of 
10 un-trained panelists evaluated the organoleptic qualities of irradiated beef samples. The 
color of the raw irradiated samples was considered more desirable than that of the fresh 
control samples. In addition, there were discemable differences noted between irradiation 
doses. 
C. Effects of irradiation on lipid oxidation 
Oxidative reactions are responsible for color, flavor and odor changes. The formation 
of metmyoglobin appears to be related to lipid oxidation and is dependent on antioxidant 
status (Yin and others 1993). Lipid oxidation is a major cause of quality deterioration in 
meat products and has long been recognized as a serious problem during storage of meat 
products. Several factors such as temperature, cold shortening and post-mortem pH all 
influence the propensity of meat to undergo lipid oxidation (Buckley and others 1995). 
Furthermore, manufacturing procedures such as mechanical deboning, grinding or cooking 
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results in the production of free radicals that can initiate oxidative reactions (Asghar and 
others 1988). Along with color stability, lipid oxidation is also dependent upon packaging 
environment, radiation dose and product temperature. 
Although radiation provides an effective method of preservation (Lefebvre and others 
1994 ), research has demonstrated that undesirable chemical and organoleptic changes can 
occur (Goldblith and Proctor 1955). Carbonyl compounds produced by irradiation of meat 
can influence the overall odor and flavor of meat (Batzer and Doty 1955). As with color 
preservation, lipid stability is also dependent upon packaging environment, product 
temperature and radiation dose. Therefore, limiting the extent to which these changes occur 
will benefit the commercialization of irradiated meat. 
The presence of oxygen during irradiation can initiate auto-oxidation of lipids and is 
an important component to consider when extended periods of storage are considered. 
Groninger and others ( 1956) conducted a study where ground beef rounds were packaged 
either with nitrogen or oxygen, irradiated with various doses, and held in a frozen state until 
analyzed. Lipid oxidation was measured using peroxide values. A trained 12-member panel 
also evaluated the organoleptic properties of the beef. The authors concluded that peroxide 
values increased greatly as a function of irradiation dose and all samples irradiated in the 
presence of oxygen could be considered "rancid" based on the peroxide values. In 
comparison, ground beef radiated in a nitrogen atmosphere produced insignificant increases 
in peroxide values, regardless of radiation dose, though an organoleptic evaluation by the 
sensory panel noted significant differences between the control and irradiated samples. 
Irradiated samples packaged in oxygen were deemed less acceptable than those samples 
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packaged in nitrogen. In general, all irradiated meat samples produced more off-odors than 
non-irradiated controls (Groninger and others 1956). 
Murano and others (1998) studied sensory and quality changes of irradiated ground 
beef under various packaging conditions. Ground beef patties were irradiated at 2.0 kGy 
under various packaging conditions; irradiated in air and stored in air; irradiated under 
vacuum and stored under vacuum; or irradiated under vacuum and stored in air. Control 
samples were not irradiated. Measurement of thiobarbituric acid (TBA) values, an index of 
lipid oxidation, was performed by the method of Tarladgis and others (1960). Initial results 
demonstrated that TBARS for irradiated patties was not different than for non-irradiated 
controls, regardless of packaging environment, for the first 7 d of storage (Murano and others 
1998). After 7 days of storage, samples irradiated and stored in air as well as those irradiated 
under vacuum and stored in air showed higher TBARS values than those irradiated and 
stored under vacuum or the non-irradiated controls. 
Many reports on effects of irradiation on lipid oxidation have been contradictory. Lee 
and others (1996) studied the combined effects of irradiation and MAP on beef steaks. 
Steaks from pre-rigor beef longissimus were placed in MAP containing 25% CO2 and 75% 
N2, irradiated with 2 kGy, and stored at 15° C or 30° C. Non-irradiated controls were kept at 
2° C. Analysis of lipid oxidation was determined by thiobarbituric acid reactive substances 
(TBARS). Preliminary data indicated significant differences (P < 0.05) in TBARS between 
the non-irradiated controls and the two other irradiated groups over the first 3 days with the 
un-irradiated control group being lower. However, after 14 days of storage, the non-
irradiated group had higher TBARS values than the two irradiated treatments. These results 
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were not typical and were unexpected because lipid oxidation is normally minimized when 
products are stored at lower temperatures. 
Lefebvre and others ( 1994) studied the effects of various doses of gamma radiation 
on lean ground beef patties. Patties were packaged in oxygen-impermeable (polyethylene) 
bags, exposed to doses of 1.0, 2.5 and 5.0 kGy and stored for 16 days at 4° C. Oxidation was 
measured by peroxide values since peroxides are the primary products of oxidation upon 
radiation treatment in the presence of oxygen. The results indicated that peroxide formation 
was increased immediately by radiation (9 to 12-fold on day 0) in comparison to the controls. 
However, there were no significant differences in peroxide values between the various 
radiation doses used. 
D. Sensory changes due to irradiation 
While food irradiation provides benefits such as extended shelf life and reduced 
microbial content, the effect it has on sensory quality of beef has been another aspect of 
concern to many researchers. There is conflicting evidence which suggest that irradiation 
introduces undesirable changes in quality resulting in decreased consumer acceptance. 
Limiting these changes will provide a greater acceptance of irradiated meat products. 
Dempster and others (1985) demonstrated no sensory differences between irradiated 
and non-irradiated raw ground beef up to 11 days after irradiation under vacuum at 1.5 kGy. 
These results were similar to research conducted by Rodriguez and others (1993) whereby 
low- dose gamma radiation (2.0 kGy) was applied to aerobically-packaged fresh beef round. 
A trained panel evaluated the beef and reported no changes in organoleptic attributes when 
compared to the non-irradiated controls. 
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However, Schultz and others (1956) noted that ground beef irradiated at 1.15 kGy to 
9.24 kGy in the presence of air from showed considerable production of off-odors and was 
deemed less acceptable than non-irradiated controls. Furthermore, the authors showed that 
there was an inverse correlation between dose and flavor score; as the dose level doubled the 
flavor score decreased by the same amount. Merritt and others (1975) and Lefebvre and 
others (1994) reported similar results whereby irradiation imparted an unfavorable odor and 
flavor and overall sensory acceptance decreased with an increase in dose level. The sensory 
panel also noted that the dose effect was more noticeable for odor than for flavor. However, 
Lefebvre and others ( 1994) showed that cooking the ground beef seemed to mitigate the 
presence of off-odors and improve flavor. 
Research by Rhodes and Shepherd (1966) demonstrated the effects of irradiation on 
the organoleptic properties of beef. Beef rib joints were sealed in plastic bags under vacuum 
and exposed to various doses of gamma-radiation (up to 8 kGy). The samples were 
evaluated by a trained taste panel. According to the authors, the maximum dose of gamma 
radiation that can be applied to beef at 0° C in the absence or air, without causing changes in 
organoleptic qualities detectable by a trained panel, was found to be 4.0 kGy. In addition, all 
beef samples irradiated up to 4.0 kGy had normal raw meat odor after 10 weeks of storage at 
0° C. However, Sudarmadj and Urbain (1972) reported that the threshold dose for the 
detection of irradiation flavor in beef packaged under vacuum was 2.5 kGy. 
V. Summary 
It is well documented that irradiation can effectively reduce or eliminate spoilage 
microorganisms or pathogens from meat while incurring minimal changes in product quality. 
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Research examining the color and lipid effects of irradiated ground beef in various packaging 
systems has been inconclusive. However, studies have demonstrated that fresh meat, 
particularly beef, when exposed to low levels of carbon monoxide ( <1 % ), maintained a fresh, 
attractive color for over 28 days. Therefore, the objective of this study was to examine the 
effects of irradiation on quality attributes of fresh meat when packaged in modified 
atmospheres containing low levels of carbon monoxide. It was hypothesized that carbon 
monoxide packaging would deter the color and lipid oxidation that may be imparted by 
irradiation. This would be beneficial to the meat industry due to the fact that not only would 
the product have an extensive shelf life, but also maintain a fresh appearance as well. 
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CHAPTER 3. EFFECTS OF CARBON MONOXIDE PACKAGING ON COLOR 
AND LIPID STABILITY OF IRRADIATED GROUND BEEF 
A paper to be submitted to the Journal of Food Science 
E.A. Kusmider, J.G. Sebranek, S.M. Lonergan and M.S. Honeyman 
I. Abstract 
The effects of packaging atmosphere (aerobic, vacuum or MAP+ CO) on ground 
beef treated with ionizing radiation (0, 2.0 and 4.5 kGy) were investigated. Ground beef 
quality attributes that were measured included lipid oxidation (TBA values), surface color 
(CIEL*, a*, b*), and sensory evaluation of color and odor. Measurements of color and lipid 
oxidation utilizing instrumental and sensory analysis were made during a 28-day storage 
period at refrigerated (0-2° C) temperatures. Irradiation had significant effects (p<0.001) on 
color and TBA values. The MAP+ CO treatments provided the highest L * and a* values 
(p<0.001) over the 28-day storage period, regardless or irradiation dose, as indicated by 
instrumental and sensory analysis. The TBA values obtained from MAP+ CO packages 
were well below the standard of what is to be considered "rancid". In addition, sensory 
scores indicated minimal production of off-odors with MAP+ CO packaging. 
Keywords: Irradiation, carbon monoxide, ground beef, MAP, color, TBA 
II. Introduction 
The use of ionizing radiation to reduce or eliminate spoilage bacteria and pathogenic 
microorganisms in fresh meat is well established (Olson 1995). However, studies have 
produced conflicting results about the effects low-dose irradiation has on the quality of fresh 
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meat. Studies reporting color changes and lipid alterations in fresh meat due to irradiation 
suggest that these changes are dependent upon packaging environment and irradiation dose 
(Champagne and Nawar 1969). 
Studies demonstrating the effects of irradiation of meat color have been inconsistent. 
Richards and Morrison (1971) noted lower redness values for beef packaged aerobically and 
irradiated up to 1 kGy when compared to non-irradiated controls. Research conducted by 
Nanke and others (1998) demonstrated a decrease in a* (redness) values for beef loins 
packaged under vacuum and irradiated at various doses up to 10 kGy when compared to non-
irradiated controls. Visual evaluations also indicated greater color differences as dose levels 
increased. 
Fu and others (1995a) reported no significant (P>0.05) color difference for Hunter 
Lab values between control and beef steaks irradiated at 1.5 kGy. In addition, sensory 
evaluation showed no color difference between non-irradiated controls and irradiated 
samples, regardless of radiation dose or packaging environment. No differences in sensory 
values were noted between irradiated and non-irradiated uncooked beef patties up to 11 days 
after irradiation under vacuum at 1.5 kGy (Dempster 1985). Lee and others (1996) 
evaluated the combined effects of irradiation and modified atmosphere packaging (25% CO2, 
75% N2) on pre-rigor beef steaks. Data indicated that Hunter Lab values showed no color 
differences between un-irradiated controls and beef steaks packaged in MA' s and irradiated 
at 2.0 kGy. 
Carbonyl compounds produced by irradiation of meat can influence the overall odor 
and flavor of meat (Batzer and others 1957), making it undesirable to consumers. As with 
color, lipid stability of meat products is also influenced by packaging atmosphere and 
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irradiation dose. Greninger and others (1956) reported high peroxide values (a measure of 
rancidity) for ground beef samples packaged in an aerobic environment and irradiated at 
various doses. In comparison, ground beef samples packaged in an atmosphere containing 
only nitrogen produced insignificant differences in peroxides, regardless of radiation dose. 
Lefebvre and others (1994) reported that peroxide formation increased 9 to 12-fold 
when aerobically packaged ground beef was irradiated with various doses of gamma 
radiation (1, 2.5 and 5 kGy) when compared to non-irradiated controls. However, no 
significant differences (P>0.05) were noted between the radiation dose levels used. Murano 
and others (1998) evaluated the effects of irradiation on ground beef patties packaged under 
various conditions. Measurement of thiobarbituric acid (TBA) values, an index of lipid 
oxidation, demonstrated no significant differences (P>0.05) between irradiated and un-
irradiated controls, regardless of packaging environment, for the first 7 days of storage. 
Beyond 7 days, samples irradiated and/or stored in air showed higher TBA values than those 
stored in a vacuum or the non-irradiated controls. 
It has been reported that low levels of carbon monoxide ( < 1 % ) incorporated into 
modified atmosphere packaging (MAP) can maintain a stable, cherry red color along with 
extended shelf life of the meat (Sorheim and others 1997). Clark and others (1976) reported 
a stable, red color for more than 30d for beef packaged in MA's containing 0.5-10% CO. 
Control samples in this study packaged in air showed discoloration after 5d of storage. Luno 
and others (1996) reported similar results in which ground beef and beef loin steaks packaged 
in MA's containing <1 % CO retained a stable red color for 29d. Seidemann and others 
( 1980) noted less metmyoglobin formation for beef loin roasts stored in 1 % C0/51 % 
C02/30% 0 2/18% N2 than for vacuum-packaged roasts. 
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Therefore, the objectives of this study were to first determine color stability of fresh 
ground beef packaged in MA containing low levels ( <l % ) of CO and irradiated at various 
doses, and secondly, to evaluate the potential of CO for minimizing lipid oxidation in 
irradiated, raw ground beef patties. This study will thus provide information regarding the 
effects of irradiation on fresh ground beef packaged in modified atmosphere containing low 
( <l % ) levels of carbon monoxide. 
III. Materials and Methods 
Nine treatments of ground beef patties were replicated two times for a total of 18 
observations. The experiment used a 3 x 3 factorial arrangement, with the treatments as 
follows: 
1. Control (un-irradiated) aerobic package 
2. Aerobic, 2.0 kGy irradiation dose 
3. Aerobic, 4.5 kGy irradiation dose 
4. Control (un-irradiated) vacuum package 
5. Vacuum package with 2.0 kGy irradiation dose 
6. Vacuum package with 4.5 kGy irradiation dose 
7. Control (un-irradiated) modified atmosphere+ CO 
8. Modified atmosphere+ CO with 2.0 kGy irradiation dose 
9. Modified atmosphere + CO with 4.5 kGy irradiation dose 
Fresh ground beef (81 % lean) was purchased from local suppliers and kept 
refrigerated (no more than 2 days at 2° C) until used. The meat was initially ground through 
a 0.95 cm plate and then reground through a 0.635 cm plate (Biro model 7552; The Biro Mfg 
Co.; Marblehead, OH., U.S.A.). Patties were formed from the ground beef to a 100-g weight 
with a Super Pattie Machine (Hollymatic Co., Countryside, IL., U.S.A.). 
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Ground beef patties were divided into three batches for quality and sensory 
evaluation. Each batch was divided into three groups according to package treatment. 
Patties in Batch 1 ("Air") were packaged by placing a single patty on polyfoam trays and 
covering each tray with polyolefin stretch/shrink, oxygen-permeable overwrap film, SSD-
310 (Cryovac Division W.R. Grace Co., Duncan, S.C., U.S.A.), using a single-roll 
overwrapper, Model 600A (Heat Sealing Equipment Manufacturing Co., Cleveland, OH., 
U.S.A.). Batch 2 ("Vacuum") patties were packaged under vacuum by placing single patties 
in high barrier pouches, Curlon Grade 861, 3 cc 0 2/645 cm2/24h at 23° C and 0% RH 
(Cryovac Division W. R. Grace Co., Duncan, SC., U.S.A.), using a Multivac vacuum-
packaging machine (Model 1960/10, type AG800, W.Germany). 
Batch 3 (MAP + CO) patties were packaged by placing individual patties in high-
barrier pouches, Curlon Grade 861, 3cc 0 2/645cm2/24h at 23° C and 0% RH (Cryovac 
Division W.R. Grace Co., Duncan, SC., U.S.A.) flushed with a gas mixture of 0.5% CO, 
29.5% N2 and 70% CO2• The MAP was accomplished using a Multivac vacuum packaging 
machine (Model 1960/10, type AG800, W. Germany) by first applying vacuum, then 
flushing the package with the gas mixture, applying vacuum again, flushing again and finally 
sealing with the gas mixture. All treatments were subsequently stored at 2° C until the 
following day. 
Six treatment groups out of nine were irradiated at the Linear Accelerator Facility 
located on the Iowa State University campus. The radiation source is a Circe - III linear 
electron accelerator (MeV lndustrie S.A., Jouy-en-Josas, Cedex, France). Target doses of 2 
kGy and 4.5 kGy were delivered by electron beam at an energy level of 10 MeV and 10 kW 
of power. Actual absorbed dose was determined by the use of a 5mm (dia) x 5mm alanine 
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pellet dosimeter (Broker Analytische Messtechnik, Rehinstetten, Germany), placed on top 
and bottom surfaces of a sample in each run. Following irradiation, absorbed doses were 
determined by electron paramagnetic resonance on a Broker EMS 104 EPR Analyzer. The 
average minimum and maximum doses for samples irradiated at 2.0 kGy and 4.5 kGy were: 
2kGy (min: 2.022 kGy, max: 2.6kGy), and 4.5 kGy ( min: 4.45 kGy, max: 6.08 kGy). 
Following irradiation, all samples were immediately placed in refrigerated storage at 2° C. 
Samples were measured for oxidative rancidity by using the modified 2 -
thiobarbituric (TBA) procedure of Tarladgis and others (1960). Initial TBA measurements 
were done for all treatments immediately following irradiation (day 0). Duplicate readings 
were recorded for each sample. Measurements were also conducted on days I, 3, 7 and 14 of 
storage at 2° C. 
Color (L *, a*, b*) measurements of the surface of the patties were made by using a 
HunterLab LabScan instrument (Model LS, 1500, Hunter Associated Laboratories Inc, 
Reston, VA., U.S.A.) using an illuminant D75 and 10° observer light source (representing 
daylight @ 7500K) with a 1.75" port insert. Calibrations were conducted after covering the 
calibration plate with Saran film, to simulate retail meat packaging. Three readings were 
taken per sample and two samples were used giving a total of six measurements per 
treatment. Measurements were taken immediately after irradiation (day 0) and subsequently 
on days 1, 3, 7, 14, 21 and 28. Samples of each treatment were stored at 2° Con racks and 
exposed to continuous fluorescent lighting for the entire duration of the project. 
Sensory evaluation was conducted using a trained panel consisting of 10 members, 
(students, staff or faculty at Iowa State University), and included evaluation of external color 
as well as the presence of off-odors. Panelists received a raw sample (10-20g) of each 
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treatment and were asked to evaluate odor using a scale ranging from "no off-odor" to 
"extreme off-odor". Color evaluations were performed separately by observing 2 
patties/treatment and using an eight point scale where a score of "1" designated a dark 
brownish-greenish gray while a score of "8" represented a very cherry, bright red color. 
Sensory color and odor evaluations started one day post-irradiation and were conducted 
thereafter three times each week for four weeks. Three digit codes were randomly assigned 
to each treatment (Figure 1, 2). 
The experiment was replicated two times over a three-month period with a 3x3 
factorial design. Statistical analysis of all measurements was performed with the Statistical 
Analysis System (SAS Institute, Inc., 1990) by General Linear Model. The main effects 
were irradiation dose and packaging atmosphere. Least square means were used with an 
alpha level of P<0.05 to determine significance. 
IV. Results and Discussion 
Initial results demonstrated significant differences (p<0.001) in TBA (2-thiobarbituric 
acid) measurements of the ground beef patties immediately following irradiation and 
throughout the storage period, regardless of packaging atmosphere or radiation dose, and is 
evidenced by the least square means of TBA values in Table 1. Subsequently, additional 
TBA measurements were taken on days 1, 3, 7 and 14 post-irradiation. The values in Table 1 
represent averages of TBA measurements taken for each treatment over the storage period. 
No significant differences (p>0.001) were observed between the vacuum control and the 
MAP+ CO control for up to 7 days (Figure 3). 
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Odor Evaluation of Ground Beef 
Please open each container carefully and smell each sample. 
Sample# __ _ 
No off odor 
_ Very slight off odor 
_ Slight off odor 
Moderate off odor 
_ Large off odor 
_ Very large off odor 
Extreme off odor 
Sample# __ _ 
No off odor 
_ Very slight off odor 
_ Slight off odor 
Moderate off odor 
_ Large off odor 
_ Very large off odor 
Extreme off odor 
Sample# __ _ 
No off odor 
_ Very slight off odor 
_ Slight off odor 
Moderate off odor 
_ Large off odor 
_ Very large off odor 
Extreme off odor 
Add comments here: 
Add comments here: 
Add comments here: 
Figure 1: Sensory form used for odor evaluation 
Panelist __ _ 
Date ____ _ 
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Color Evaluation of Ground Beef Patties 
Panelist __ _ 
Date ____ _ 
Please look carefully at the color of each sample and mark your evaluation at the appropriate 
area on the scale. Repeat the procedure for the second sample. 
Sample# __ _ 
_ Dark brownish-greenish gray 
_ Light brownish-greenish gray 
_Light gray 
_ Slightly dark red 
_ Moderately dark red 
_ Slight cherry red 
_Moderate light cherry red 
_ Extreme bright cherry red 
Sample# __ _ 
_ Dark brownish-greenish gray 
_ Light brownish-greenish gray 
_Light gray 
_ Slightly dark red 
_ Moderate I y dark red 
_ Slight cherry red 
_Moderate light cherry red 
_ Extreme bright cherry red 
Sample# __ _ 
_ Dark brownish-greenish gray 
_ Light brownish-greenish gray 
_Light gray 
_ Slightly dark red 
_ Moderately dark red 
_ Slight cherry red 
_Moderate light cherry red 
_ Extreme bright cherry red 
Figure 2: Sensory form used for color evaluation. 
Please add comments here: 
Please add comments here: 
Please add comments here: 
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However, when comparing all three packaging environments, significant differences 
(p<0.001) were noted, regardless of irradiation dose, for the duration of the experiment 
(Figures 3, 4, and 5). In addition, no significant differences (p>0.001) were noted between 
Batch 2 ("Vac") and Batch 3 ("MAP + CO") irradiated at 2.0 kGy for up to 3 days of storage 
(Figure 4 ), and no differences were observed up to 14 days for samples irradiated at 4.5 kGy 
(Figure 5). 
Table 1. The effect of packaging atmosphere and irradiation dose on the Least Square 









2.0 4.5 0 2.0 4.5 
aTarladgis et al. (1960) method, measured in mg malonaldehyde per kg of sample. 
bStandard error of least square means. 
c-fMean values within same row with different superscripts are different (P<0.001). 
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Figure 3. Least square means for control TBA values of beef as related to storage time 
for Air (S.E. = 0.05), Vac (S.E. = 0.007), and MAP+ CO (S.E. = 0.10). 
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Figure 4. Least square means for TBA values of beef as related to storage time and 
irradiation dose (2.0 kGy) for Air (S.E. = 0.38), Vac (S.E. = 0.01) and MAP+ CO (S.E. = 
0.29). 
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TBA values (4.5 kGy) 






Figure 5. Least square means for TBA values of beef as related to storage time and 
irradiation dose (4.5 kGy) for Air (S.E. = 1.04), Vac (S.E. = 0.34) and MAP+ CO (S.E. = 
0.04). 
These results are consistent with Murano and others (1998) who reported significantly higher 
(p<0.05) TBA values for ground beef packaged aerobically and exposed to 2.0 kGy ionizing 
radiation than those packaged under vacuum for irradiation or non-irradiated controls. This 
can be expected because radiolytic products produced from irradiation come in contact with 
oxygen, producing hydroperoxyl radicals, which can initiate lipid oxidation (Urbain 1986; 
Diehl 1995). Therefore, reducing or eliminating oxygen from the packaging environment 
will greatly reduce the production of free radicals. 
Also, no differences were observed (p>0.001) between irradiation dose (2.0 and 4.5 
kGy) for vacuum-packaged patties as indicated in Table 1. These results agree with research 
conducted by Lefebvre and others ( 1994 ), who noted no significant differences in peroxide 
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values for vacuum packaged ground beef irradiated at various doses (1.0, 2.5 and 5.0 kGy). 
This may be due in part to the absence of oxygen from the packaging environment, which 
can be used to initiate lipid oxidation. In addition, differences (p<0.001) in TBA values were 
noted between irradiation dose (2.0 and 4.5 kGy) for MAP + CO beef. 
The surface color of ground beef patties was measured immediately after irradiation 
(day 0) and subsequently on days 1, 3, 7, 14, 21 and 28. The HunterLab objectively 
measured the CIEL* (lightness), a* (redness) and b* (yellowness) on three random locations 
for each of the two patties used, providing a total of six measurements per treatment. Values 
for L * range from 0-100 (100 being perfect white) with increasing positive numbers for a* 
and b* indicating increasing intensity (redness and yellowness, respectively). The results are 
reported in Table 2. 
Table 2. The effect of packaging atmosphere and irradiation dose on the Least Square 








0 2.0 4.5 
MAP+CO S.E.a 
0 2.0 4.5 
L * 44.97c 45.44c 49.66de 43.34b 42.78b 42.56b 50.34e 49.13de 47.49d 1.01 
a* 2.38 
astandard error of means. 
b-eMean values within same row with different superscripts are different (P<0.001 ). 
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Vacuum packaged patties provided the lowest L * values when comparing aerobically 
packaged or MAP + CO patties (Table 2) and various irradiation doses had no significant 
effect (p>0.001) on vacuum packaged patties for L* values. Significant differences (p<0.001) 
were observed on day O between each package type and continued for the entire storage time 
(Figures 6, 7, and 8). Increased L * values occurred due to irradiation treatment for 
aerobically packaged patties and were higher than vacuum packaged or MAP + CO patties 
(Figure 8). This is consistent with findings of Montgomery and others (2000), who observed 
a significant increase (p<0.05) of L * values for irradiated, aerobically packaged ground beef 
patties when compared to irradiated anaerobic patties or non-irradiated controls. Our data 
revealed that MAP+ CO packed beef were significantly different (p<0.001) than aerobically 
or vacuum packaged beef patties (Table 2). In addition, no significant differences (p>0.001) 
between irradiation dose were noted for MAP + CO patties. 
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Figure 6. Least square means for control L * values of beef as related to storage time 
for Air (S.E. = 0.19), Vac (S.E. = 0.57) and MAP+ CO (S.E. = 1.01). 
L* 
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Figure 7. Least square means for L * values of beef as related to storage time and 
irradiation (2.0 kGy) for Air (S.E. = 1.08), Vac (S.E. = 0.82) and MAP+ CO (S.E. = 
0.95). 
L* 
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Figure 8. Least square means for L * values of beef as related to storage time and 
irradiation (4.5 kGy) for Air (S.E. = 1.77), Vac (S.E. = 0.61) and MAP+ CO (S.E. = 
0.88). 
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The a* values were greatly affected by both radiation dose level and packaging 
environment. The non-irradiated controls from each batch demonstrated higher a* values 
than irradiated samples (Table 2). The MAP treatments containing CO were significantly 
higher (p<0.001) and produced the highest a* (redness) values of all other treatments on day 
0, with the exception of the aerobic control treatment (Figure 9). However, after day 0, 
significant differences (p<0.001) were observed for Batch 3 ("MAP"), regardless of 
irradiation dose, when compared to the other two packaging atmospheres (Figures 9, 10 and 
11). In addition, utilizing various radiation doses (2.0 and 4.5 kGy) produced no significant 
differences (p>0.001) in a* values for MAP+ CO patties throughout the entire storage period 
(Table 2). 
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Figure 9. Least square means for a* values of beef as related to storage time for Air 
(S.E. = 2.25), Vac (S.E. = 0.29) and MAP + CO (0. 78). 
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Figure 10. Least square means for a* values of beef as related to storage time and 
irradiation (2.0 kGy) for Air (S.E. = 0.73), Vac (S.E. = 0.30) and MAP+ CO (S.E. = 
0.81). 
A radiation dose of 2.0 kGy produced no significant differences (p>0.001) between 
a* values for aerobic and vacuum-packaged patties for the entire storage period (Figure 10). 
In addition, no differences (p>0.001) in a* values were observed up to 28 days between 
aerobic and vacuum-packaged patties irradiated at 4.5 kGy (Figure 11). Also, no significant 
differences (p>0.001) were apparent between irradiation doses used, regardless of packaging 
environment (Table 2). These results contradict work by Lefebvre and others ( 1994) who 
noted discernible color differences in ground beef packaged with low oxygen tension and 
exposed to various doses of gamma radiation (1.0, 2.5 and 5.0 kGy). 
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Figure 11. Least square means for a* values of beef as related to storage time and 
irradiation (4.5 kGy) for Air (S.E. = 0.63), Vac (S.E. = 0.15) and MAP+ CO (S.E. = 
0.70). 
The amount of variability for b* (yellowness) values between each packaging group 
was less apparent when compared to L * or a* values. Initially, there were significant 
differences (p<0.001) for b* values among the control treatments with the aerobic control 
providing the highest b* (yellow) value up to day 7 (Appendix Figure 1). After day 7 of 
storage, the variability among three control package environments was not significant 
(p>0.001 ), as indicated by Appendix Figure 1. 
The data also demonstrated more variability in b* values for packaging treatments 
exposed to 4.5 kGy irradiation (Appendix Figure 3) when compared to samples exposed to 
2.0 kGy irradiation (Appendix Figure 2). In addition, the data also indicated higher b* values 
64 
for non-irradiated samples for each packaging environment when compared to irradiated 
samples (Table 2). Slight increases were observed for b* values during the 4 week storage 
period for most treatments (aerobic and vacuum atmospheres) undergoing irradiation 
exposure (Appendix Figures 2 and 3). This agrees with work conducted by Nanke and others 
(1998) who indicated an increase (p<0.001) in b* values for irradiated, vacuum-packaged 
beef during a 12-wk display. However, work by Montgomery and others (2000) indicated 
that irradiation significantly decreased (p<0.05) b* (yellowness) values compared to non-
irradiated controls. 
Initial results by the sensory panel indicated no significant differences (p>0.001) in 
off-odor development up to day 7 for the three package control treatments (Appendix Figure 
4). However, after day 7, there was an increase in the presence of off-odors for all three 
control package treatments (aerobic, vacuum and MAP+ CO). Significant differences 
(p<0.001) were noted between each packaging environment, regardless of irradiation dose 
(Table 3). The control treatments also provided the highest off-odor scores over the entire 
storage period when compared to the off-odor scores provided by the irradiation treatments 
(Appendix Figures 4, 5 and 6). The aerobic control provided the highest aroma scores 
ranging from 4-5 (moderate to large off-odor) (Table 3). This may be due to the 
proliferation of bacteria in the non-irradiated controls. These results contradict work 
conducted by Schultz and others (1956) who noted considerable production of off-odors for 
aerobically packaged ground beef exposed to irradiation when compared to non-irradiated 
controls. 
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Table 3. The effect of packaging atmosphere and irradiation dose on the Least Square 
Means of sensory and odor evaluation scores of uncooked beef patties. 
Packaging Atmosphere 
Aerobic Vacuum MAP+CO S.E.a 
Irradiation 0 2.0 4.5 0 2.0 4.5 0 2.0 4.5 
(kGy) 
Color Scoreb 3.6d 2.5d 2.6d 4.8e 4.6e 4.Se 7.3f 6.8f 6.zt 0.58 
OdorScorec 4.9g 3_3cte 3.4e 3.4e 3.4e 3.9f 2.9d 3.0de 3_5ef 0.20 
aStandard error of least square means. 
bColor score: l=dark brownish-greenish gray; 4=slightly dark red; 8=extreme light cherry 
red. 
cOdor score: l=no off-odor; 3=moderate off-odor; 7=extreme off-odor. 
ct-gLeast square mean values within the same row with different superscripts are different 
(p<0.001). 
Significant differences (p<0.001) in off-odor scores were apparent between 
irradiation dose (2.0 and 4.5 kGy) for vacuum and MAP+ CO packaged beef (Table 3). 
Overall, the MAP + CO packaging provided the lowest amount of off-odor production over 
the 28 day storage period (Appendix Figures 4, 5 and 6). The vacuum package control 
provided slight to moderate off-odor, with the aroma being described as sour or bitter. This 
sensation can be attributed to the development of lactic acid bacteria (LAB) within the 
vacuum packaging, as noted by Roth and Clark (1972). Also, data suggests that various 
irradiation doses did not influence the production of off-odors for vacuum-packaged beef 
(Appendix Figures 5 and 6). 
Evaluation of surface color by the sensory panel indicated significant differences 
(p<0.001) between each packaging environment (Table 3). All non-irradiated control 
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samples were judged brighter (redder) than the irradiated samples (Figure 12). This is 
consistent with the results of Nanke and others (1998) who noted a decrease in redness 
values for irradiated beef loins when compared to non-irradiated controls. Initial evaluation 
by the panel provided high color scores for the aerobic control for the first 7 days. However, 
as time progressed, the aerobic control became discolored and received low color scores due 
to the formation of slime as a result of spoilage. 
The other two aerobic treatments that were exposed to various doses of irradiation 
received low color scores for the entire duration of storage by the panel (Figure 12). 
Irradiated and non-irradiated vacuum packages received scores ranging between "4" and "6" 
(mean - 4.5), and were noted as having slightly red characteristics (Figure 12). These results 
agree with Luchsinger and others (1997b) who indicated that irradiation imparted greater 
negative effects on color of aerobically-packaged ground beef than those vacuum packaged 
and exposed to the same radiation dose level. Overall, MAP+ CO packages received the 
highest color scores (mean - 6.5) on the eight-point scale and maintained a bright, cherry-red 
color for the duration of the storage period, regardless of irradiation dose (Table 3). The 
MAP+ CO control received the highest color score, which was expected. In addition, there 
were no significant differences (p>0.001) in color scores between irradiation doses used (2.0 
and 4.5 kGy) (Table 3). 
Sensory analysis also indicated a decline in color score for the aerobic control after 3 
days of storage, which is due to the formation of metmyoglobin. The color scores for the two 
other control treatments (vacuum and MAP+ CO) remained unchanged throughout the entire 
storage period (Appendix Figure 7). Package treatments exposed to 2.0 kGy of irradiation 
provided the most consistent color scores throughout the storage period, with slight decreases 
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in color scores being observed for aerobic and MAP + CO packaged beef (Appendix Figure 
8). However, vacuum packaged beef appeared to increase in color scores when exposed to 
various doses of irradiation (Appendix Figures 8 and 9). Decreases in color scores were also 
apparent for aerobic and MAP + CO beef exposed to 4.5 kGy (Appendix Figure 9). There 
also appeared to be more variability in color scores for MAP + CO beef exposed to 4.5 kGy 
irradiation when compared to 2.0 kGy or control treatments (Appendix Figures 7, 8 and 9). 
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Figure 12. Least square means for sensory color scores of beef as related to storage 
time and irradiation dose (S.E. = 0.58). 




The results of this study indicated that incorporating low levels of carbon monoxide 
( <1 % ) into modified atmosphere packaging (MAP) could maintain color and odor quality of 
irradiated fresh ground beef. Carbon monoxide minimized lipid oxidation when compared to 
other treatments and provided a stable, cherry-red product color as indicated by instrumental 
and sensory analysis. These results suggest that carbon monoxide packaging can be used in 
conjunction with low-medium dose irradiation for fresh ground beef to produce an attractive 
product with minimal loss in quality. 
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Figure 1. Least square means for b* values of beef as related to storage time for Air 
(S.E. = 0.88), Vac (S.E. = 0.53) and MAP + CO (S.E. = 0.66). 
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Figure 2. Least square means for b* values of beef as related to storage time and 
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Figure 7. Least square means for control sensory color scores of beef as related to 
storage time for Air (S.E. = 0.23), Vac (S.E. = 0.05) and MAP + CO (S.E. = 0.06). 
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Figure 8. Least square means for sensory color scores of beef as related to storage time 
and irradiation (2.0 kGy) for Air (S.E. = 0.10), Vac (S.E. = 0.08) and MAP+ CO (S.E. = 
0.09). 
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Sensory color evaluation (4.5 kGy) 
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Figure 9. Least square means for sensory color scores of beef as related to storage time 
and irradiation (4.5 kGy) for Air (S.E. = 0.06), Vac (S.E. = 0.13) and MAP+ CO (S.E. = 
0.18). 
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CHAPTER 4. GENERAL CONCLUSIONS 
While low-dose irradiation can provide a product that has an extended shelf life, it 
may also impart negative changes in product quality that may be unappealing to the 
consumer. With fresh meat products, appearance is the most important factor by which 
consumers most readily judge quality and freshness. Therefore, limiting the amount of color 
and lipid oxidation will enhance consumer acceptability for irradiated meat products. Our 
findings revealed that incorporating low levels of carbon monoxide into modified atmosphere 
packaging (MAP) provided the highest L * and a* values (p<0.001) over the 28-day storage 
period, regardless or irradiation dose, when compared to the other two packaging 
environments (air and vacuum). 
The degree of lipid oxidation between all three batches was significantly different 
(p<0.001) as indicated by the TBA values, and increased as a result of irradiation. However, 
the TBA values obtained from MAP + CO packages were well below the standard of what is 
to be considered "rancid". Sensory analysis of color and odor indicated that MAP + CO 
packages were significantly different (p<0.001) than the other two treatments (air and 
vacuum) over the 28-day storage period. In addition, sensory scores indicate that MAP + CO 
packages maintained a fresh, cherry-red color for the duration of storage, regardless of 
irradiation dose, as well as minimal production of off-odors. These results indicate that 
carbon monoxide packaging used in conjunction with low-dose irradiation is an effective 
way of producing an attractive product capable of extended periods of storage. 
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